We introduce a method for directly imaging depletion layers in operando with elemental specificity and chemical speciation at sub-100 nm spatial resolution applicable to today's three-dimensional electronic architectures. These typically contain complex, multicomponent designs consisting of epitaxial heterostructures, buried domains, or nanostructures with different shapes and sizes. Although the variety of devices is immense, they commonly rely on carrier separation in a built-in potential induced by composition or strain gradients. To image these, we scanned a focused synchrotron x-ray nanobeam over a single semiconductor nanowire heterostructure and simultaneously measured the current through the device and the emitted characteristic x-rays as a function of the incoming hard x-ray energy. With these results, it is possible to identify the compositional and molecular structure as well as localize the electrical fields present under typical working conditions. This information allows us to draw an energy band diagram consistent with the elemental distribution and a high-resolution chemical speciation map.
INTRODUCTION
The cutting edge of semiconductor industry produces circuit features down to 14 nm in size (1, 2) and pn junctions in solar cells spanning an area of several square meters (3) . The respective devices have one thing in common: Their functionality relies on an internal field gradient, which is controlled by an external electric field (for example, in fieldeffect transistor devices) or statically induced by a compositional gradient (as in solar cells). Imaging both the internal electric fields and chemical composition of devices is thus an interesting prospect. Recently, electron beam-induced current measurements and Kelvin probe force microscopy have emerged as powerful tools to study the spatial variations of charge separation inside a device (4, 5) . Despite their strengths, there are several limitations imposed in terms of operating conditions, chemical sensitivity, energy tunability, penetration depth, as well as vacuum and sample preparation, which can be overcome using synchrotron radiation sources. Hard x-ray beams can probe deeply into inner grains embedded in materials, buried heterostructures, small particles, or nanodomains and investigate many properties simultaneously and in situ. These include the micro-and nanostructure in two (2D) and three (3D) dimensions (6) (7) (8) or the evolution of samples during processing (such as materials deposition and gas-phase chemical reactions) (9) (10) (11) or under operating conditions (for example, temperature cycling and catalytic reactions) (12) (13) (14) . Because of the large penetrating power, a synchrotron beam is able to noninvasively obtain information from thick samples typically demanding little or no specimen preparation even under working conditions. The x-ray matter interaction provides several techniques, such as x-ray diffraction (XRD), x-ray fluorescence (XRF), resonant inelastic scattering (RISX), and x-ray beam-induced current (XBIC) (15) . The latter has also been referred to historically by the more general term of photoconductivity (16) (17) (18) and has recently been applied in the context of nanowires (19) and planar solar cells (20, 21) . Together with developments in x-ray optics, third-generation synchrotron sources provide the brilliance needed to effectively focus x-rays down to the lower nanoscale (22) . Because the interaction of x-rays with matter is highly energy-dependent around the absorption edges of the respective atoms within the sample, energy-dependent x-ray studies can be used to probe the local atomic environments in x-ray absorption near-edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) (6) . Here, we introduce a combinatory approach: an in operando x-ray investigation using XRF, XANES, and XBIC, mapped with a high spatial resolution of below 100 nm. The combination of these methods and high spatial resolution allows us to demonstrate structure-functionality relations on the nanoscale in individual nanowire heterostructures.
RESULTS
The investigated model structure is schematically shown in Fig. 1A and consists of a nanoscale axial Ga/GaAs segment embedded in a silicon nanowire with a SiO 2 shell. These nanowire heterostructures were synthesized by ion implantation and flash-lamp annealing and contacted with Ni electrodes (23, 24) . These structures show room temperature electroluminescence, and the electrical characteristics are likely defined by the Ga/GaAs Schottky junction, confirming that these heterostructures are applicable for optoelectronic devices. Implemented in large-scale top-down processed nanowire arrays, they form a potential building block for silicon photonics by combining the highly mismatched group IV and III-V semiconductors (23) .
A nanofocused hard x-ray beam was scanned across one representative nanowire heterostructure device, and the characteristic XRF signals of Ni, Ga, and As were quantified. Figure 1B shows an overlay of a high-resolution SEM image with a color plot of the respective characteristic x-ray intensity mapping. The Ga/GaAs segment is localized within the Si nanowire. A normalized XRF line scan along the wire is plotted in Fig. 1C , and XRF spectra at specific locations are plotted in Fig. 1D together with the respective fits to the data (25) .
The sum signal of (Ga + As) in the GaAs segment (highlighted in green in Fig. 1C , normalized to 1) corresponds to an atomic number density of 2.2 × 10 22 cm −3 for pure GaAs. Thus, the normalized signal (green line) with a magnitude of about 0.02 to 0.05 in the Si nanowire core (position 2 in Fig.1 , C and D) corresponds to about 4 × 10 20 cm −3 to 1 × 10 21 cm −3 or to a relative concentration of 0.8 to 2 atomic % Ga and As atoms inside Si. Here, we assumed that the nanowire diameter is constant and thin enough to exclude self-absorption. The Ga/(Ga + As) ratio in this segment is about 0.2 (red line in Fig. 1C ), which is well in line with the degenerate n-type doping found in a previous electrical study of identical structures (23) . Finally, Fig. 1C shows that there is a segment with excess Ga at position 4, where the Ga/(Ga + As) ratio is well above 0.5, whereas the GaAs segment at position 3 has a ratio of exactly 50%. It is clear that there is only an excess of Ga at one side of the GaAs segment. These findings are in full agreement with previous transmission electron microscopy-energy-dispersive x-ray (TEM-EDX), electrical, and Raman investigations of these nanowire heterostructure devices (23) . The artefact Au signal in all spectra ( Fig. 1D ) stems from gold bond wires connected to the Ni electrodes, which were excited by x-rays scattered in the substrate. Because the XRF signal was always measured in parallel with the electrical characteristics, it was possible to correct subsequent mappings online for any lateral sample drift (26) . This live correction and a similar post-measurement correction ensure that all the following results have a high positional accuracy of about 30 nm. Figure 2A shows the 2D maps of the Ga/(Ga + As) ratio, the normalized XRF signal of (Ga + As), and the x-ray nanobeam excited current (XBIC) measured at −0.7-V bias. All signals were normalized to 1 for this illustration. Figure 2B shows the extracted signals plotted as a function of the position along the nanowire. This simultaneous measurement of the XBIC with XRF allows the unambiguous localization of the active area of the device on a nanometer scale: It is at the interface between the Ga segment (red background, highest Ga concentration) and the GaAs segment [green background, Ga/(Ga + As) ≈ 0.5]. The typical Schottky diode-like I-V curves of this device are thus confirmed to be defined by the metal/semiconductor (that is, Ga/GaAs junction).
In Fig. 2C , the I-V characteristics of the nanowire heterostructure are shown for the case of the x-ray nanobeam focused on the active area of the device (red circles) and for dark conditions without x-ray irradiation (black circles). A clear change in sensitivity with applied bias can be deduced from the logarithmic plot (top). For moderate positive voltages and large negative voltages, there is a large current flowing continuously through the device, almost independent on the presence of the x-ray beam. A high sensitivity of two orders of magnitude is found at a moderate reverse bias of about −0.7 V. Note that the difference between the dark current and the XBIC at 4 V applied bias is about 1 mA, whereas at the point of highest sensitivity, the x-rays only induce an additional current of about 1 nA. Because both values were measured under the same excitation condition, this indicates that a strong, bias-dependent, charge amplification process is present. This is most likely due to impact ionization in the reverse breakdown regime and will be discussed below.
In addition to the XRF and XBIC measurements with a fixed incoming x-ray energy of 29.33 keV, a series of maps on the same nanowire structure were recorded with varying x-ray energies around the Ga-K absorption edge. XANES spectra were extracted from these maps and are plotted in Fig. 3A for the positions 1 to 10 along the nanowire axis, as shown in the inset of Fig. 3A . The energetic position of the XANES absorption edge is mainly given by the valence state of the absorbing atom. This can be seen in the reference spectra, also plotted in Fig. 3A , where the absorption edge of metallic Ga is shifted to lower energies compared to the absorption edge of the gallium oxides or GaAs (6, 27) . The features on the high-energy side of the absorption edge can be used to tentatively identify the coordination number of the absorbing Ga atom by comparison to known coordinations (28). The first peak at 10,372 eV is most pronounced in GaAs and is attributed to a tetrahedral coordination, whereas the peak at 10,376 eV is more pronounced in the b-Ga 2 O 3 phase and attributed to octahedrally coordinated Ga. Because each Ga atom in the material absorbs x-rays incoherently, a measured XANES spectrum corresponds to the linear combination of the spectra of all configurations present in the given excitation volume.
The main phases very likely to be present in this heterostructure are GaAs and Ga-metal (liquid or solid). In addition, there will be a hardly definable combination of Ga in a covalent matrix with Si and O from the Si nanowire and SiO 2 shell. The first reference material, GaAs (6) , is plotted in green in Fig. 3A . To confirm the energy calibration, a GaAs wafer was also measured, with our setup giving essentially the same spectrum (see the Supplementary Materials). The Ga metal K-edge absorption spectrum shown in red in Fig. 3A was taken from the study of Armbrüster and Cardoso-Gil (27) . It is possible to distinguish supercooled liquid from solid metallic Ga in XANES (29) , but the respective features are in the post-edge region, where we observe a large contribution of the GaAs signal. Therefore, the difference between XANES of liquid and solid Ga is too subtle to be evident in our data. Because the whole nanowire was covered with an SiO 2 shell during the formation of the heterostructure by applying high-temperature flash annealing procedures (23) , gallium oxide phases are assumed to form in the vicinity of the core-shell interface by consuming Ga and oxygen atoms from the Ga/GaAs segments and the SiO 2 shell, respectively. The contribution of these Ga atoms is roughly modeled as an arbitrary combination of tetrahedrally and octahedrally coordinated Ga atoms, aand b-Ga 2 O 3 . It should be noted that because of the possible presence of unaccounted gallium silicate phases, this does not imply an observation of the metastable a-Ga 2 O 3 phase, although its presence cannot be categorically excluded either (6) . Both Ga 2 O 3 spectra were also taken from the study of Martínez-Criado et al. (6) ; the energy axes for the references and measured spectra were mutually aligned (see the Supplementary Materials) . Figure 3C shows the results of the linear combination fit of the indicated reference spectra to the measured data (for more details, see the Supplementary Materials). The main contribution to the XANES spectrum is GaAs, as expected from the XRF data. There is a varying contribution of the octahedrally and tetrahedrally coordinated Ga, as unspecifically modeled by aand b-Ga 2 O 3 . The shift of the absorption edge to lower energies by more than 1 eV in spectra 6 to 10, shown in Fig. 3B , can be obviously modeled by the presence of metallic Ga. Because there is no other method of significantly decreasing the energy of the absorption edge, this finding is unambiguously related to the unoxidized, metallic Ga. This conclusion is highly reliable, because each spatial map was fully measured before the x-ray energy was changed and, therefore, the relative shift as a function of position on the sample is totally unaffected by potential inaccuracies of the incoming x-ray energy caused by the beamline monochromator.
In parallel to the XRF measurements, the XBIC signal was recorded as a function of the monochromatic x-ray energy. Figure 4A shows the measured current together with the Ga-K series XRF measured at the position of the Ga segment indicated with a black square in the inset of Fig. 4A . The blue curve shows the unstandardized current, and a large XBIC signal is already present for incoming x-ray energies lower than the Ga-K absorption edge, followed by a distinct increase by a factor of 2 when the x-ray energy exceeds the Ga core-level energy. This unambiguously shows that K-shell electrons of Ga are excited to the con-duction band and that this core excitation contributes significantly to the device conductivity.
DISCUSSION
As schematically shown in Fig. 4B , for the present materials and at an x-ray energy of about 10 keV, the dominating processes are photoionization of Ga and As (see the Supplementary Materials for details). For energies below the Ga-K edge, these are restricted to excitations of the L-shell, for which the cross section varies little with the incoming x-ray energy. The main energy dependence observed in the measured XBIC signal is caused by the significant contribution of excited electrons out of the Ga K-shell when an incoming x-ray photon has a sufficiently large energy to ionize it. This is also the process that causes the XRF XANES signal, because XRF photons are generated only when the localized core-level vacancy is radiatively filled by an electron from the surrounding material, usually from the same atom. Thus, the energy dependences of the characteristic Ga K-series XRF and the XBIC have the same physical origin in the photoionization cross section of Ga atoms in their respective local environments.
There is a useful difference between XBIC and XRF XANES, however, because the former is position-selective only to those charge carriers that are separated and thus to the functional area of the investigated device. On the other hand, the characteristic XRF signal includes all the atoms of a species within the excited volume (17) . Using the high spatial resolution of this experiment, we can show this difference in the inset of Fig. 4A , which shows an SEM image of the device overlaid with the total XRF signal (left) and the XBIC signal (right), both measured at the same time. The whole Ga-containing segment yields large XRF signals that are offset from the background. However, the largest XBIC signal is highly localized at the interface of the metallic Ga and GaAs segments. Thus, this can be identified as the depletion zone of the Schottky contact, extending into the GaAs segment. Free charge carriers are generated in the depletion zone after excitation by x-ray photons and are separated by the large electric field gradients to contribute to the measured XBIC. It is noteworthy that there is also a large halo around the charge-separating interface only for the XBIC signal and not for the XRF, although both the XRF and the XBIC color overlays use the same linear color map. The halo corresponds to the side lobes of the (invariably imperfectly) focused nanobeam, and the fact that it is detectable in the XBIC signal highlights its high sensitivity in this reverse bias regime. Finally, a current signal is also detected when the incoming x-rays hit the Ni contacts. Here, the current is induced by removing photoelectrons from the contact. Because the nanowire heterostructure acts as a rectifier, the photoelectron current at each electrode changes sign with the bias voltage.
This leads us to a further discussion of the underlying mechanism for XBIC. First, as already mentioned, photoionization of the Ga and As L-shell also contributes to the signal. As in any measurement method for XANES, this could be taken into account and removed; however, the relatively large and constant current induced by this absorption reduces the effective signal-to-noise ratio. The large sensitivity of the XBIC, as seen in the halo in the inset of Fig. 4A , is caused by the efficient conversion of a single absorbed photon into thousands of mobile charge carriers. This is illustrated schematically in Fig. 4C . In either case of a K-or L-shell absorption event, the primary and secondary (Auger) electrons will generally have ample kinetic energy, that is, they will be "hot". Similar to electrons accelerated in the applied or internal electric field, they can therefore excite further electrons from the valence band or defect levels to the conduction band. On top of this, for all charge carriers, a high externally applied bias and internal electric field can lead to impact ionization cascades. This secondary charge amplification is also responsible for the bias-dependent sensitivity of the device seen in the I-V characteristics (Fig. 3C ).
It may be tempting to read more into the post-absorption edge features found in the XBIC-XANES of Fig. 4A . A hypothesis could be that a strong energy dependence of the number of additional electronhole pairs each hot electron creates may translate into additional features in the post-edge region. These features would be related to the density of states, as in x-ray photoelectron spectroscopy (XPS). In large-beam experiments, similar ideas have been published (30) (31) (32) ; however, they are heavily contested (16) . The convincing counterargument is that the large multiplication factor together with the multitude of de-excitation paths for each absorbed x-ray photon statistically negates the difference in the mean number of excited charge carriers between two impinging x-ray photons of differing energy, except for a linear relation to the impinging photon energy. Therefore, in a previously published XBIC study, then called photoconductivity, x-ray absorption spectroscopy (XAS) studies on GaAs have failed to show any difference between photoconductivity, absorption, or fluorescence XAS spectra (16) (17) (18) . The post-absorption edge features remain those given by the fine structure of the absorption cross section, without an "anomalous" contribution by energetic delocalized electrons. Within the experimental accuracy obtained in our experiment, this conclusion can be supported.
This in operando analysis of a functional nanoscale heterojunction demonstrates the added value of a combinatory study using focused x-rays. Here, we made particular use of the possibility to change the x-ray energy to obtain information on the composition and chemical bonding of the materials present in the heterostructure. Together with the measurement of an operative characteristic in the conductivity, we can unambiguously identify that there is a metallic Ga segment in the heterostructure and that the Ge-GaAs interface is the active part of the Si-Ga-GaAs-Si heterostructure. In this scenario, we did not yet take full advantage of the high penetration depth of x-rays, or of the ability to work under other than ambient conditions, so that this method is set to open further horizons. The high penetration power combined with the localized XBIC probe will be useful for the detailed investigation of the mechanism of buried junctions/devices without destroying them, such as the planar junctions in solar cells. In addition, it is possible to perform such studies in temperature-controlled and chemically controlled environments (for example, on catalysts in a reactor).
MATERIALS AND METHODS
Nanowire heterostructure synthesis All simultaneously measured XRF, XANES, and XBIC data presented in this work were taken from one single Si-Ga-GaAs-Si nanowire heterostructure. This structure was synthesized by Ga + and As + ion irradiation into vapor-liquid-solid-grown Si nanowires (33) , which was covered by plasma-enhanced chemical vapor deposition with SiO 2 . A subsequent flash-lamp annealing step leads to the heterostructure formation via liquid-phase epitaxy within the wire. All synthesis details are reported by Glaser et al. (23) . The electrical contacts were deposited by standard e-beam lithography, Ni sputter deposition, and lift-off techniques, including a hydrofluoric acid etching step to remove the SiO 2 shell from the nanowires at the contact area for reliable contact formations.
X-ray nanoprobe investigation
The x-ray investigations were performed at the nano-analysis beamline ID16B of the European Synchrotron Radiation Facility (34) . The data for the XRF quantification and some of the XBIC measurements were performed at 29.33 keV in "pink-beam" mode with an average flux of 1.4 × 10 11 photons/s and a focal spot size of 40 nm × 50 nm. The step size for the spatial maps was 20 nm. The XANES investigations were performed with a monochromatic nanobeam at an energy bandwidth of 1 eV. Here, the photon flux was 2.35 × 10 8 photons/s with a focal spot of 90 nm × 80 nm. See the Supplementary Materials for more details on the beam size. The energy steps were varied between 1 and 5 eV to cover the Ga absorption edge. At each energy, a special mapping of about 1 mm × 3 mm was performed. To correct for sample drift, the position of the sample was corrected using an image alignment procedure (26) . One energy scan was performed with 50-nm steps and 200-ms exposure time, whereas the second scan was performed with 30-nm steps and 400-ms exposure time. During all measurements, an electric source measurement unit (Stanford Research System SR570) was connected to the sample to measure the current induced by the x-ray nanobeam. The XBIC signal was acquired as a function of bias voltage (Fig. 2C) and incoming x-ray photon energy (Fig. 4A ) at a fixed bias of −0.3 V.
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